Hyperlipidemia (HLP) is strikingly common in patients with type 2 diabetes ([@B1]), and disturbance of lipid metabolism appears to be an early event in the development of diabetes, potentially preceding disease onset by several years ([@B2]). Increased serum free fatty acids (FFAs) are a major pathogenic factor in HLP, and FFAs appear to play an important role in the development of insulin resistance (IR) and diabetes ([@B3]--[@B5]).

Different species of FFAs have different effects on the progress of IR and diabetes ([@B6]--[@B9]), and reports of the relationships between unsaturated fatty acids and IR or diabetes in human are not consistent ([@B8],[@B9]). However, almost all of the evidence points to a negative effect of saturated fatty acids, such as palmitic acid (PA), on IR ([@B9]--[@B11]). The mechanisms include increasing saturated faty acids, resulting in the accumulation of various lipid metabolites in tissues, which impairs β-cell function or interferes with insulin signaling ([@B9],[@B11]--[@B13]). However, most of the studies mentioned above were focused on the relationship between individual species or total fatty acids and IR ([@B3],[@B13]--[@B15]). The FFA profile, which can better reflect the development of IR and/or diabetes and reveal its potential mechanisms, is attracting increasing levels of interest. The FFA profile is changed markedly in diabetes, and some fatty acid species can be regarded as biomarkers predicting and/or identifying IR ([@B16]--[@B18]). So far, however, few studies have investigated changes in serum FFA profile in HLP. All of those studies were done in the fasting state ([@B19]), but is important to note that the body is in the postprandial state for most of the day. Changes in FFAs and metabolism in the postprandial state could contribute more to the alteration of the pathophysiological function of the body; therefore, it is important to study the potential effect of change in the FFA profile and metabolism in the postprandial state. It is unclear, however, whether the postprandial FFA profile can be changed and further aggravate IR in HLP.

In this study, we investigated dynamic changes in the profile of postprandial serum FFAs in primary HLP patients after glucose loading and found that serum stearic acid (SA) increased dramatically. We asked: *1*) why postprandial SA is increased significantly in HLP, *2*) what the relationship is between SA and IR, and *3*) how to reduce increased postprandial SA. A series of experiments, including human, animal, and cell essays, were performed to comprehensively address these questions.

RESEARCH DESIGN AND METHODS {#s1}
===========================

Participants. {#s2}
-------------

The study was a case-control trial with 51 normolipidemic individuals and 52 primary hyperlipidemic patients selected from the published Harbin People's Health Study ([@B20]). All participants received a clinical examination, and anthropometric, health, and lifestyle information were collected. HLP was diagnosed according to fasting serum triglyceride (TG; cutoff 1.7 mmol/L) and cholesterol (TC; cutoff 5.7 mmol/L) measurements. Patients receiving treatment with medication (especially hyperlipidemic medication) or any other disease likely to interfere with the study were excluded. Before the experiment, participants received an isocaloric diet (65, 25, and 10% of energy derived from carbohydrate, fat, and protein, respectively) for 3 days.

After fasting for 12 h, participants were challenged with the equivalent of 75 g of anhydrous glucose dissolved in 250 mL of water (oral glucose tolerance test \[OGTT\]). Blood samples were collected at 0, 30, 60, 90, 120, 180, 240, and 300 min. Another 75 g of glucose was administered immediately after the blood sample was collected at 300 min, and blood samples were obtained after the subsequent 120 min. All blood samples were centrifuged at low speed, and serum was stored at −80°C.

The study was approved by the Ethics Committee of Harbin Medical University and done in accordance with the Declaration of Helsinki. Written informed consent was obtained from each participant.

Animal experiment. {#s3}
------------------

Male 8-week-old C57BL/6 mice obtained from Vitalriver (Beijing, China) were housed in a pathogen-free barrier facility at a temperature of 22 ± 2°C and maintained on a 12-h light/dark cycle with water ad libitum. Mice were randomly assigned to either a low-fat diet (normal mice; *n* = 40) or a high-fat diet (HLP mice; *n* = 60). The low-fat diet provides 3.94 kcal/g of energy (63.8% carbohydrate, 20.3% protein, and 15.9% fat). The high-fat diet provided 4.67 kcal/g of energy (40.5% carbohydrate, 17.1% protein, and 42.4% fat; [Supplementary Table 1](http://diabetes.diabetesjournals.org/lookup/suppl/doi:10.2337/db12-0139/-/DC1)). The mice were fed for 16 weeks, and then after fasting overnight, the mice were given an intraperitoneal injection of 10% (weight for volume) glucose solution (1 g/kg). Blood samples were collected via retro-orbital bleeding at 0, 30, 60, 90, and 120 min (*n* = 6 mice for each time point in each group). Liver and muscle tissues were dissected and then frozen and stored in liquid nitrogen.

The HLP mice received a tail vein injection of small interfering RNA (siRNA) with 2'-*O*-methyl-modification for sterol regulatory element-binding protein-1c (SREBP-1c) (siRNA-SRE), long-chain fatty acid family member 6 (ELOVL6) (siRNA-ELOV), or scrambled siRNA (siRNA-ctrl) five times at 48-h intervals. Normal mice were injected only siRNA-ctrl. The siRNAs were synthesized by RiboBio Co. (Guangzhou, China). The sequences of siRNA were shown in [Supplementary Table 2](http://diabetes.diabetesjournals.org/lookup/suppl/doi:10.2337/db12-0139/-/DC1). Each siRNA (0.2 nmol/g) was administered at ∼0.2 mL/injection. Intraperitoneal injection of glucose was done 24 h after the last injection of siRNA. Blood samples and liver tissue were collected at 0 and 120 min after glucose loading (*n* = 5 mice for each time point in each group).

Cell culture and treatment. {#s4}
---------------------------

Human hepatoma HepG2 cells obtained from the Chinese Academy of Science (Shanghai, China) were incubated in a 5% CO~2~ atmosphere at 37°C.

To study insulin action on SA synthesis, cells were cultured in normal culture medium. After 12 h of serum starvation, cells were treated with 0, 0.1, 1, 10, and 100 nmol/L insulin for 0, 2, and 4 h, respectively. Intracellular SA, PA, and genes involved in SA synthesis were detected.

To study the effect of SA on IR, after serum starvation, HepG2 cells were treated with 0, 200, 300, 400, and 500 μmol/L SA (Sigma-Aldrich, Taufkirchen, Germany) for 24 h and stimulated with 100 nmol/L insulin for 10 min. Then insulin receptor substrate-2 (IRS-2), protein kinase B (Akt), forkhead box O1 (FoxO1) proteins, and their phosphorylations (pIRS-2, pAkt, and pFoxO1) were examined. Meanwhile, cells were starved for 12 h in serum- and antibiotic-free medium and then transfected with siRNA-SRE, siRNA-ELOV, or siRNA-ctrl with Lipofectamine 2000 (Invitrogen, Carlsbad, CA) according to the manufacturer's instructions. The sequences of siRNA purchased from Santa Cruz Biotechnology (Santa Cruz, CA) are shown in [Supplementary Table 2](http://diabetes.diabetesjournals.org/lookup/suppl/doi:10.2337/db12-0139/-/DC1). At 48 h after transfection, cells were rendered IR by a prolonged insulin treatment (100 nmol/L insulin, 10 h) ([@B21]). Cells transfected with siRNA-ctrl without prolonged insulin treatment were used as the normal group. Following washing and incubation for 1 h in insulin-free medium to dissociate any insulin, all of the cells were acutely stimulated with 100 nmol/L insulin for 10 min. Intracellular SA, PA, and related genes were detected.

Serum FFA profile and intracellular fatty acid analysis. {#s5}
--------------------------------------------------------

Total lipids were extracted from liver and muscle tissues, and FFAs in samples were transformed to fatty acid methyl esters as described in our earlier study ([@B22],[@B23]). Gas chromatography--mass spectrometry analysis was done with a gas chromatography coupled to an ion-trap mass spectrometer (TRACE GC/PolarisQ MS; Thermo Finnigan, San Jose, CA). Separation was performed on a DB-WAX capillary column (30 m x 0.25 mm I.D., 0.25-μm film thickness; Agilent J&W Scientific, Folsom, CA).

Serum glucose, insulin, and lipids. {#s6}
-----------------------------------

Serum glucose, TC, TG, and HDL cholesterol (HDL-c) were measured using kits purchased from Biosino Biotechnology Co. (Beijing, China). LDL cholesterol (LDL-c) was calculated by subtracting HDL-c from TC. Human insulin was measured with an autoanalyzer using commercial kits (Centaur; Bayer Corporation, Bayer Leverkusen, Germany). Mouse insulin was measured with a rat/mouse insulin ELISA kit (LINCO Research, St. Charles, MS). Homeostasis model assessment (HOMA)-IR = (fasting insulin \[mU/L\] × fasting glucose \[mmol/L\])/22.5 ([@B24]). Insulin sensitivity index (HOMA-ISI) = 2/(insulin~p~ \[mU/L\] × glucose~p~ \[mmol/L\] + 1) ([@B25]).

Quantitative real-time PCR. {#s7}
---------------------------

Total RNA were isolated from cells and liver tissue with TRIzol reagent (Invitrogen) according to the manufacturer's instructions. RNA was reverse transcribed to cDNA using a High-Capacity cDNA Reverse Transcription Kit (Applied Biosystems, Foster City, CA). Real-time PCR was performed with the SYBR Green PCR Master Mix and a 7500 FAST Real-time PCR System (Applied Biosystems). The sequences of all primers are listed in [Supplementary Table 3](http://diabetes.diabetesjournals.org/lookup/suppl/doi:10.2337/db12-0139/-/DC1) ([@B26]).

Western blotting. {#s8}
-----------------

Western blot was done as described ([@B27]). All of the primary antibodies used in this study are rabbit polyclonal antibodies: SREBP-1c, pIRS-2 (Tyr612), and β-actin antibodies (Santa Cruz Biotechnology); acetyl-CoA carboxylase (ACC), IRS-2, Akt, pAkt (Ser473), FoxO1, and pFoxO1 (Thr24) antibodies (Cell Signaling Technology, Beverly, MA); and fatty acid synthase (FAS) and ELOVL6 antibodies (Abcam, Cambridge, MA). Secondary antibody was alkaline phosphatase (goat polyclonal antibody to rabbit IgG; Santa Cruz Biotechnology).

Statistical analysis. {#s9}
---------------------

Values are presented as mean ± SEM. Statistical analyses were done with SPSS 10.0 software (SPSS, Chicago, IL). Significance was determined by using two-tailed Student *t* test or one- or two-way ANOVA as appropriate. Correlations between changes in variables were tested using Pearson correlation. The level of statistical significance was set at *P ≤* 0.05.

RESULTS {#s10}
=======

Demographic and metabolic features of the participants. {#s11}
-------------------------------------------------------

Demographic details and basic biochemical characteristics of the normolipidemic and HLP participants in the fasting state are given in [Table 1](#T1){ref-type="table"}. There was no significant difference between the two groups in age, sex, BMI, systolic blood pressure, diastolic blood pressure, or fasting blood glucose. The fasting serum insulin was 2.66-fold higher in the HLP group than that of normolipidemic group. HOMA-IR was significantly higher in HLP patients, indicating the presence of IR. As expected, the concentrations of serum TG, TC, and LDL-c in HLP group were significantly higher, whereas the concentration of HDL-c was lower compared with that in the normolipidemic group.

###### 

Demographic and metabolic features of the participants
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Serum glucose, insulin, and insulin sensitivity during 300 min of the OGTT. {#s12}
---------------------------------------------------------------------------

During the OGTT, serum glucose level reached a peak at 30 min and then returned gradually to the baseline at 120 min in normolipidemic and HLP participants ([Fig. 1*A*](#F1){ref-type="fig"}). Serum insulin level reached a peak at 30 min in both groups and then declined ([Fig. 1*B*](#F1){ref-type="fig"}). The insulin level was significantly higher in HLP group than that in normolipidemic group during the whole OGTT. The area under the curve (AUC) of glucose and insulin between 0 and 120 min in the HLP group was 26 and 85% higher, respectively, compared with the normolipidemic group ([Fig. 1*C* and *D*](#F1){ref-type="fig"}). HOMA-ISI between 0 and 120 min was significantly lower in HLP group compared with that in the normolipidemic group ([Fig. 1*E*](#F1){ref-type="fig"}).

![The changes in serum glucose and insulin during 300 min of the OGTT and HOMA-ISI in normolipidemic and hyperlipidemic participants. The changes in serum glucose level (*A*) and insulin level (*B*) during OGTT. The AUC of glucose (*C*) and insulin (*D*) between 0 and 120 min of OGTT. *E*: HOMA-ISI values between 0 and 120 min of OGTT. \*\**P* \< 0.01, compared with the value at 0 min of OGTT in the same group; \^*P* \< 0.05, \^\^*P* \< 0.01, compared with the value of normolipidemic group at the same time point of OGTT. H, hyperlipidemic patients, *n* = 52; N, normolipidemic participants, *n* = 51.](561fig1){#F1}

FFA profile change in the subjects during 300 min of the OGTT. {#s13}
--------------------------------------------------------------

In all, 15 species of serum FFAs were detected, and the levels of 14 were decreased or unaltered during OGTT compared with the respective baseline in both the normolipidemic and HLP groups ([Supplementary Table 4](http://diabetes.diabetesjournals.org/lookup/suppl/doi:10.2337/db12-0139/-/DC1)). SA was the only fatty acid species with a different dynamic change during OGTT. Serum SA level was increased dramatically after glucose loading and reached a maximum at 120 min in both groups ([Fig. 2*A*](#F2){ref-type="fig"}). In particular, the change of serum SA level between 0 and 120 min in the HLP group was much greater than that in the normolipidemic group ([Fig. 2*B*](#F2){ref-type="fig"}). In HLP patients, serum SA level at 120 min was increased by 2.06-fold compared with that at the baseline, whereas it was only a 0.61-fold increase in the normolipidemic group. The SA level was elevated throughout the OGTT and had not returned to baseline at 300 min in HLP patients. After a second glucose loading at 300 min, the SA level continued to increase. In addition, the change in SA between 0 and 120 min in HLP patients was correlated positively with the change in insulin (*r* = 0.560; *P* \< 0.05) but not with glucose (*r* = 0.229; *P* \> 0.05). Furthermore, the change in SA in HLP patients was correlated positively with HOMA-IR (*r* = 0.372; *P* \< 0.05) and negatively with HOMA-ISI (*r* = −0.364; *P* \< 0.05).

![The changes in serum SA after glucose loading in normolipidemic and hyperlipidemic participants. *A*: Serum SA concentrations at indicated time after glucose loading. *B*: The changes in SA level between 0 min and 120 min after the first glucose loading (ΔSA) in normolipidemic and hyperlipidemic participants. \**P* \< 0.05, \*\**P* \< 0.01, compared with the value at 0 min after the first glucose loading in the same group; \^\^*P* \< 0.01 compared with the value of normolipidemic group at the same time point; \#*P* \< 0.05 for the indicated comparison. H, hyperlipidemic patients, *n* = 52; N, normolipidemic participants, *n* = 51.](561fig2){#F2}

Metabolic features of HLP mice. {#s14}
-------------------------------

At 16 weeks, body weight, serum TG, TC, glucose, and insulin as well as HOMA-IR were significantly higher in HLP mice ([Supplementary Table 5](http://diabetes.diabetesjournals.org/lookup/suppl/doi:10.2337/db12-0139/-/DC1)). The levels of most fatty acids were increased, and total FFA was significantly higher in both liver and muscle in HLP mice compared with the levels in normal mice ([Supplementary Table 6](http://diabetes.diabetesjournals.org/lookup/suppl/doi:10.2337/db12-0139/-/DC1)). Meanwhile, the changed profile of serum FFAs in HLP mice after glucose loading ([Supplementary Table 7](http://diabetes.diabetesjournals.org/lookup/suppl/doi:10.2337/db12-0139/-/DC1)) was similar to that in HLP patients.

After glucose loading, serum SA level was increased gradually in both normal and HLP mice, and it was significantly higher in HLP mice than in normal mice at each time point ([Fig. 3](#F3){ref-type="fig"}). The levels of SREBP-1c, ACC, FAS, and ELOVL6 mRNA in HLP mice were significantly higher than those in normal mice at each time point. The increase of SREBP-1c and ELOVL6 mRNA was statistically significant at 30 min ([Supplementary Fig. 1*A* and *B*](http://diabetes.diabetesjournals.org/lookup/suppl/doi:10.2337/db12-0139/-/DC1)), and the increase of ACC and FAS mRNA was statistically significant at 60 min in both groups ([Supplementary Fig. 1*C* and *D*](http://diabetes.diabetesjournals.org/lookup/suppl/doi:10.2337/db12-0139/-/DC1)). These results suggest that both de novo synthesis and elongation of PA for SA synthesis contribute to the elevation of postprandial SA.

![The changes in serum SA after glucose loading in normal and hyperlipidemic mice. *n* = 6 for each time point in each group. \**P* \< 0.05, \*\**P* \< 0.01 compared with the value at 0 min after glucose loading in the same group; \^*P* \< 0.05, \^\^*P* \< 0.01 compared with the value of normal mice at the same time point. H, hyperlipidemic mice; N, normal mice.](561fig3){#F3}

Effects of insulin on SA synthesis in HepG2 cells. {#s15}
--------------------------------------------------

Insulin increased intracellular concentrations of SA and PA in a time- and dose-dependent manner within 4 h in HepG2 cells ([Fig. 4*A*](#F4){ref-type="fig"}). The concentrations of intracellular SA and PA were highest when the cells were treated with 100 nmol/L insulin for 4 h, which was 253 and 24%, respectively, higher than that of 0 nmol/L insulin treatment. Meanwhile, insulin can induce a dose-dependent upregulation of the protein expression of SREBP-1c, ACC, FAS, and ELOVL6 ([Fig. 4*B*](#F4){ref-type="fig"}). These data indicate that insulin can induce SA synthesis through de novo synthesis and elongation of PA.

![Effects of insulin on SA synthesis in HepG2 cells. *A*: The concentrations of intracellular SA and PA in HepG2 cells treated with 0, 0.1, 1, 10, and 100 nmol/L insulin for 0, 2, and 4 h. *B*: Protein expression of mature form of SREBP-1c (m-SREBP-1c) in nuclear extracts and ACC, FAS, ELOVL6, and β-actin in whole-cell lysates from HepG2 cells treated with different concentrations of insulin for 4 h. Each of the experiments was repeated four times. \**P* \< 0.05, \*\**P* \< 0.01 compared with the value of 0 nmol/L insulin group at the same time point.](561fig4){#F4}

Effects of SA on insulin sensitivity in HepG2 cells. {#s16}
----------------------------------------------------

IRS/Akt/FoxO1 is an important insulin-signaling pathway ([@B28],[@B29]). After the HepG2 cells were treated with 400 or 500 μmol/L SA for 24 h, SA attenuated the expression of pIRS-2, pAkt, and pFoxO1 ([Fig. 5*A*](#F5){ref-type="fig"}).

###### 

Effects of SA on insulin sensitivity in HepG2 cells. *A*: Protein expression of IRS-2, Akt, FoxO1, and their phosphorylations in response to different concentrations of SA in HepG2 cells. After 12 h of starvation, HepG2 cells were treated with 0, 200, 300, 400, and 500 μmol/L SA for 24 h and then exposed to 100 nmol/L insulin for 10 min. Cells treated with 0 μmol/L SA was used as normal group. Intracellular SA (*B*) and PA (*C*) concentrations in different siRNA groups with (+) or without (−) prolonged insulin treatment. *D*: Protein expression of IRS-2, Akt, FoxO1, and their phosphorylations in different siRNA groups with or without prolonged insulin treatment. *E*: Protein expression of ELOVL6 and β-actin in whole-cell lysates from HepG2 cells transfected with siRNA-ctrl or siRNA-ELOV with or without prolonged insulin treatment. *F*: Protein expression of mature form of SREBP-1c (m-SREBP-1c) in nuclear extracts and ACC, FAS, ELOVL6, and β-actin in whole-cell lysates from HepG2 cells transfected with siRNA-ctrl or siRNA-SRE with or without prolonged insulin treatment. Each of the experiments was repeated four times. The HepG2 cells were transfected with siRNA-ctrl, siRNA-SRE, or siRNA-ELOV for 48 h and then cells were rendered IR by prolonged insulin treatment (100 nmol/L insulin for 10 h). Cells transfected with siRNA-ctrl without prolonged insulin treatment were set as normal group. After washing and culture in normal medium for 1 h, all of the cells were stimulated with 100 nmol/L insulin for 10 min. \**P* \< 0.05, \*\**P* \< 0.01 compared with the value of normal group; \^*P* \< 0.05, \^\^*P* \< 0.01 for the indicated comparison.
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Prolonged high-insulin treatment can reduce insulin sensitivity in vitro ([@B21]). The results above showed that insulin induced SA synthesis and extracellular high SA level reduced insulin sensitivity in HepG2 cells, so we asked whether intracellular SA could be increased also and might be associated with IR induced by prolonged insulin treatment. The results showed that in HepG2 cells transfected with siRNA-ctrl, intracellular SA was increased by 350%, and PA was increased by 30% after treatment with 100 nmol/L insulin for 10 h ([Fig. 5*B* and *C*](#F5){ref-type="fig"}) compared with cells without prolonged insulin treatment, and the expression of pIRS-2, pAkt, and pFoxO1 were decreased significantly ([Fig. 5*D*](#F5){ref-type="fig"}). In HepG2 cells transfected with siRNA-ELOV, which inhibits the elongation of PA, ELOVL6 protein was decreased significantly ([Fig. 5*E*](#F5){ref-type="fig"}). Accordingly, intracellular SA was reduced significantly and PA was increased ([Fig. 5*B* and *C*](#F5){ref-type="fig"}), and the decreases of pIRS-2, pAkt, and pFoxO1 proteins were inhibited significantly ([Fig. 5*D*](#F5){ref-type="fig"}) compared with cells transfected with siRNA-ctrl. After knocking down SREBP-1c expression by siRNA-SRE, which suppresses the de novo synthesis of SA, the insulin-stimulated increase of SREBP-1c and downstream targets, including ACC, FAS, and ELOVL6, was suppressed effectively ([Fig. 5*F*](#F5){ref-type="fig"}). Moreover, intracellular SA and PA were decreased ([Fig. 5*B* and *C*](#F5){ref-type="fig"}), and the decreases of pIRS-2, pAkt, and pFoxO1 proteins were inhibited significantly ([Fig. 5*D*](#F5){ref-type="fig"}) compared with cells transfected with siRNA-ctrl. These results suggest that the elevation of intracellular SA partly contributes to insulin desensitivity, and the decrease of intracellular SA content can enhance insulin sensitivity to a certain extent in HepG2 cells. In addition, we compared the difference in intracellular SA and insulin sensitivity between the siRNA-SRE and siRNA-ELOV groups. There was no significant difference in the SA level ([Fig. 5*B*](#F5){ref-type="fig"}). However, the degree of change of intracellular PA was different between these two groups. Intracellular PA was increased in the siRNA-ELOV group but decreased in the siRNA-SRE group ([Fig. 5*C*](#F5){ref-type="fig"}), indicating that inhibition of ELOVL6 resulted in accumulation of intracellular PA. Moreover, the expressions of pIRS-2, pAkt, and pFoxO1 were significantly higher in the siRNA-SRE group than those in the siRNA-ELOV group ([Fig. 5*D*](#F5){ref-type="fig"}).

Effects of inhibition of SREBP-1c or ELOVL6 with siRNA on postprandial serum SA and insulin sensitivity in HLP mice. {#s17}
--------------------------------------------------------------------------------------------------------------------

The expression of hepatic SREBP-1c or ELOVL6 was inhibited effectively in HLP mice injected with siRNA-SRE or siRNA-ELOV at both the protein and mRNA levels at 0 and 120 min after glucose loading compared with HLP mice injected with siRNA-ctrl ([Fig. 6*A* and *B*](#F6){ref-type="fig"} and [Supplementary Fig. 2*A* and *B*](http://diabetes.diabetesjournals.org/lookup/suppl/doi:10.2337/db12-0139/-/DC1)). In the siRNA-SRE group, the downstream molecules regulated by SREBP-1c, including ACC, FAS, and ELOVL6, were suppressed effectively at 0 and 120 min after glucose loading ([Fig. 6*A*](#F6){ref-type="fig"} and [Supplementary Fig. 2*C*--*E*](http://diabetes.diabetesjournals.org/lookup/suppl/doi:10.2337/db12-0139/-/DC1)).

![Protein expression of key transcription factor and enzymes involved in SA synthesis in normal and hyperlipidemic mice injected with different siRNA at 0 and 120 min after glucose loading. *A*: Protein expression of mature form of SREBP-1c (m-SREBP-1c) in nuclear extracts and ACC, FAS, ELOVL6, and β-actin in whole-cell lysates from the livers of normal and hyperlipidemic mice injected with siRNA-ctrl or siRNA-SRE at 0 and 120 min of glucose loading. *B*: Protein expression of ELOVL6 and β-actin in whole-cell lysates from the livers of normal and hyperlipidemic mice injected with siRNA-ctrl or siRNA-ELOV at 0 and 120 min of glucose loading. Each of the experiments was repeated four times. H+siRNA-ctrl, hyperlipidemic mice injected with scrambled siRNA; H+siRNA-ELOV, hyperlipidemic mice injected with siRNA for ELOVL6; H+siRNA-SRE, hyperlipidemic mice injected with siRNA for SREBP-1c; N+siRNA-ctrl, normal mice injected with scrambled siRNA. \*\**P* \< 0.01 for the indicated comparison.](561fig6){#F6}

After glucose loading, serum SA level in the siRNA-SRE and siRNA-ELOV groups was decreased significantly compared with HLP mice injected with siRNA-ctrl at 0 and 120 min ([Table 2](#T2){ref-type="table"}). The extent of SA increase (Δ~SA~) between 0 and 120 min in both the siRNA-SRE and siRNA-ELOV groups was significantly lower (H+siRNA-ctrl, Δ~SA~ = 130.85 ± 2.89 μmol/L; H+siRNA-SRE, Δ~SA~ = 56.93 ± 4.37 μmol/L; and H+siRNA-ELOV, Δ~SA~ = 60.38 ± 3.98 μmol/L), but there was no significant difference in the level of the change of SA between the siRNA-SRE and siRNA-ELOV groups. Serum PA level was decreased in the siRNA-SRE group but increased in the siRNA-ELOV group at both 0 and 120 min compared with HLP mice injected with siRNA-ctrl ([Table 2](#T2){ref-type="table"}).

###### 

Serum SA and PA concentrations, HOMA-IR, and HOMA-ISI in mice at 0 and 120 min after glucose loading
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HOMA-IR was lower in the siRNA-SRE and siRNA-ELOV groups compared with HLP mice with the siRNA-ctrl injection, and it was lower in the siRNA-SRE group than that in the siRNA-ELOV group. HOMA-ISI was higher in the siRNA-SRE and siRNA-ELOV groups compared with HLP mice with siRNA-ctrl injection, and it was higher in the siRNA-SRE group compared with that in the siRNA-ELOV group ([Table 2](#T2){ref-type="table"}).

DISCUSSION {#s18}
==========

Elevated fasting serum FFAs is widely recognized as a risk factor for IR and diabetes ([@B3]--[@B5]). However, no study of the metabolic change of postprandial FFAs and its effect on IR in HLP has been reported. Therefore, we used oral glucose intake to simulate the eating process and analyzed the change of postprandial FFAs profile in HLP.

Although serum glucose in HLP patients could not reach the diagnostic criteria of impaired glucose tolerance, serum glucose in HLP patients after glucose loading was significantly higher than that in the normolipidemic group, suggesting that the alteration of glucose tolerance has occurred in HLP patients. Therefore, the glucose curve and AUC after glucose loading in HLP were different from that in normolipidemic participants.

With regard to the postprandial FFA profile, we found for the first time that only serum SA level was increased dramatically after glucose loading in primary HLP patients. Moreover, serum SA level did not recover to the baseline even at 300 min after glucose loading when the next meal should be administered, indicating that serum SA is at a higher level at most times of the day in HLP patients. Further, the change of postprandial SA was correlated negatively with insulin sensitivity. These results suggest that postprandial elevation of SA is a major characteristic of fatty acid metabolism in HLP, and the excessive elevation of postprandial SA is possibly related to IR, which should be seriously concerned in HLP population.

We asked why is postprandial SA increased significantly in primary HLP patients? Besides dietary sources, endogenous synthesis of SA in the body should be considered ([@B30]). The de novo synthesis of endogenous SA is catalyzed by ACC and FAS to generate PA, which is then converted into SA via ELOVL6 ([@B31],[@B32]). Generally, the expressions of ACC, FAS, and ELOVL6 are regulated directly by SREBP-1c ([@B31],[@B33],[@B34]) and carbohydrate-responsive element-binding protein ([@B35],[@B36]), which are stimulated mainly by insulin and glucose, respectively ([@B37],[@B38]). Therefore, insulin and glucose can induce de novo fatty acid synthesis. However, no study has addressed how elevated SA is regulated in the postprandial state in HLP, and the underlying mechanism is unclear. In our study, the change in insulin was correlated positively with the change in the SA level at 120 min after glucose loading in HLP patients. However, the change in the postprandial glucose level was not correlated with the change in SA. These results imply that the increase of postprandial SA level was regulated by insulin in primary HLP patients. SREBP-1c is a key target of insulin in the regulation of fatty acid synthesis in liver ([@B37]). No study has reported whether insulin can induce postprandial SA synthesis via SREBP-1c/ACC/FAS/ELOVL6. Therefore, we investigated the role of insulin on postprandial SA synthesis and clarified its potential mechanisms using both animal and cell experiments. In HLP mice, the levels of SREBP-1c, ACC, FAS, and ELOVL6 mRNA in liver and serum SA after glucose loading were increased significantly. In HepG2 cells, insulin-induced increase of intracellular SA, which is dose- and time-dependent, accompanies the increase of SREBP-1c, ACC, FAS, and ELOVL6 expression. Silencing of SREBP-1c and ELOVL6 by siRNA in HLP mice and HepG2 cells, respectively, further confirm that postprandial SA synthesis is regulated by the SREBP-1c pathway (insulin/SREBP-1c/ACC/FAS/ELOVL6) and elongation of PA (ELOVL6) in HLP.

It has been widely acknowledged that increased PA is a risk factor of IR ([@B9]--[@B11]). However, relatively few study of the effect of SA on IR has been reported. Van den Berg et al. ([@B39]) found that increased dietary SA intake could cause whole-body IR characterized by severe hepatic IR in C57BL/6 mice, but the effect of increased endogenous SA synthesis on IR is unclear. In our study, the increase of serum SA after glucose loading was owing to the enhanced endogenous synthesis in HLP patients. We found that the change of postprandial serum SA level was correlated negatively with insulin sensitivity. The result is strengthened by the results of studies by Ebbesson et al. and Kusunoki et al. ([@B40],[@B41]) showing that serum SA is correlated negatively with insulin sensitivity in patients with diabetes, although these studies were conducted in the fasting state. The whole-body insulin desensitivity induced by SA is likely, at least partly, owing to hepatic IR caused by excessive SA synthesis and accumulation in liver, which is a main site for fatty acid synthesis. This is supported by our finding that SA could induce IR in HepG2 cells, and knocking down SREBP-1c or ELOVL6 could improve insulin sensitivity through inhibition of hepatic SA synthesis in HLP mice. Our results are further supported by those of the study by Matsuzaka et al. ([@B32]), who found that hepatic SA level was decreased and IR was improved in mice deficient for ELOVL6, even with concurrent obesity. Besides liver, increased serum SA also leads to the accumulation of lipid metabolites in skeletal muscle and fat tissue ([@B13],[@B42]). Therefore, elevated SA can induce IR in skeletal muscle cells and adipocytes, as shown by studies by Hirabara et al. and Song et al. ([@B12],[@B43]). These indicate SA affects insulin sensitivity in multiple tissues or organs, and the insulin desensitivity of these tissues or organs collectively contribute to the whole-body IR. However, Louheranta et al. ([@B44]) reported that a high-SA diet of 4 weeks did not impair glucose tolerance and insulin sensitivity in healthy women. The discrepancy is likely due to different experimental subjects and intervention time. The capacity to switch easily between glucose and fat for fuel is a key feature of healthy individuals, whereas these natural responses break down and become pathological in IR ([@B45]). In the study by Louheranta et al. ([@B44]), the healthy women without IR have stronger self-regulatory capacity for maintaining the glucose and lipid homeostasis in response to a short-term intake of high SA, which results in no alteration of insulin sensitivity. However, in this study, HLP patients have presented disorders of lipid metabolism and IR for a long period, which cause the deterioration of glucose tolerance and insulin sensitivity in HLP.

In this study, injection of siRNA-SRE or siRNA-ELOV both decrease postprandial serum SA level in HLP via the inhibition of SA synthesis and improve IR. However, HOMA-IR was higher in the siRNA-ELOV group than in the siRNA-SRE group, implying the improvement of IR is greater in the siRNA-SRE group. There was no difference in the change of postprandial serum SA level between the two groups, but serum PA level was increased in the siRNA-ELOV group and decreased significantly in the siRNA-SRE group. PA is correlated positively with HOMA-IR ([@B46]). Therefore, the difference of IR improvement in the two groups is likely caused by the different level of PA. In the siRNA-SRE group, inhibiting SREBP-1c led to the suppression of ACC, FAS, and ELOVL6, resulting in the decreased synthesis of total fatty acids, including PA and SA. In the siRNA-ELOV group, inhibiting ELOVL6 suppressed the elongation of PA, leading to the decrease of SA and the increase of PA. Therefore, we propose that inhibition of SREBP-1c is superior to suppression of ELOVL6 in ameliorating IR in HLP.

This study was focused on the effect of SA on IR. However, the level of some other species in the FFA profile was changed significantly after glucose loading, and the roles of these fatty acids in the development of IR require further study.

In summary, we have found for the first time that the postprandial serum SA level is increased dramatically in primary HLP patients. This increase is likely due to the enhanced synthesis through activating the SREBP-1c pathway (insulin/SREBP-1c/ACC/FAS/ELOVL6) and the elongation of PA in HLP. The elevation of postprandial serum SA provides a mechanistic link for the development of IR and diabetes from HLP. Reduction of postprandial SA is a good candidate for improving IR. SREBP-1c is a potential better target to prevent IR and diabetes by decreasing SA.

This article contains Supplementary Data online at <http://diabetes.diabetesjournals.org/lookup/suppl/doi:10.2337/db12-0139/-/DC1>.
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